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Abstract — Combining  optical  injection  and  polarization-rotated 
optical  feedback  in  a  semiconductor  laser  can  induce  self- 
referenced  periodic  output  that  is  widely  tunable  by  simply 
varying  the  dc-bias  points  of  the  master  and  slave  lasers.  We 
observed  feedback-induced  reduction  of  the  pulsation  peak 
linewidth  by  more  than  two  orders  of  magnitude  relative  to  the 
injection-only  case.  The  nonlinear  dynamics  of  the  optically 
injected  semiconductor  laser  can  be  used  to  minimize  sensitivity 
to  fluctuations  in  the  operating  points.  Performance  is  negatively 
affected  by  interference  between  the  external  injection  signal 
and  residual  feedback  in  the  same  polarization. 

I.  Introduction 

The  nonlinear  dynamics  induced  via  optical 
injection  of  a  semiconductor  laser  offers  a  new  path  to 
improve  the  performance  of  low-noise  photonic  oscillators. 
Over  a  wide  range  of  operating  conditions,  the  injected 
optical  signal  perturbs  the  output  of  a  slave  laser  so  that  it 
exhibits  periodic  dynamics  instead  of  steady-state  output. 
Simply  by  controlling  the  operating  points  of  the  master  and 
slave  lasers,  through  the  bias  currents,  free-running  offset 
frequencies,  and  injection  power,  the  pulsation  frequency  can 
be  widely  tuned  over  the  microwave  and  mm- wave  bands  [1]. 
When  the  optical  output  is  detected  by  a  conventional  high¬ 
speed  photodiode,  the  generated  photocurrent  reproduces  the 
high-speed  pulsation. 

Fig.  1  shows  a  calculation  of  the  pulsation  frequency 
as  a  function  of  the  amplitude  and  frequency  detuning  of  the 
master  laser  signal  [2].  The  range  of  period-one  (PI) 
dynamics  is  separated  from  stable  locking  by  a  Hopf 
Bifurcation,  and  it  surrounds  regions  of  more  complex 
periodic  and  aperiodic/chaotic  dynamics.  The  figure  shows 
lines  of  constant  pulsation  frequency.  Note  that  near  the  Hopf 
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Figure  1 .  Calculated  pulsation  frequency  of  a  semiconductor  laser  under 
optical  injection  as  a  function  of  the  amplitude  and  detuning  of  the 
injected  signal  [2]. 


Bifurcation  there  are  ranges  where  these  lines  are  parallel  to 
the  detuning  axis  while  for  large  positive  offset  currents  they 
are  essentially  parallel  to  the  injection  amplitude  axis.  These 
conditions  represent  very  different  sensitivities  to  changes  in 
the  injection  parameters. 

Past  work  has  demonstrated  that  optical  injection  can  be 
used  in  combination  with  optoelectronic  feedback  for  a  novel 
photonic  microwave  oscillator  [3].  When  the  optical  injection 
induces  the  PI  pulsation,  the  feedback  does  not  have  to 
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provide  the  loop  gain.  It  acts  as  the  self-referencing  input  to 
narrow  and  stabilize  the  oscillation  characteristics.  Here,  we 
combine  optical  injection  with  polarization-rotated  optical 
feedback  to  demonstrate  an  all-photonic  variation.  The  optical 
injection  induces  a  PI  periodic  pulsation  in  the  output,  with 
the  nonlinear  gain  characteristic  also  acting  as  a  narrowband 
microwave  filter  and  feedback  loop  gain  element.  In  a 
conventional  semiconductor  distributed  feedback  (DFB)  laser 
the  orthogonally  polarized  modes  have  very  different  profiles 
with  very  different  resonance  frequencies,  and  gain  and  loss 
characteristics.  Rotating  the  polarization  of  part  of  the  optical 
output  and  feeding  it  back  into  the  slave  laser  along  with  the 
external  injection  effectively  produces  an  optoelectronic 
feedback  current  which  accompanies  the  optical  injection, 
rather  than  a  second  optical  injection  into  the  oscillating  mode. 
The  feedback  is  now  non-resonant  with  the  optical  cavity 
modes  of  the  laser  and  primarily  modifies  the  carrier  density 
in  the  gain  medium.  This  technique  bypasses  the  losses, 
complexity,  and  amplifier  1/f-noise  of  the  microwave  circuit 
elements  in  a  conventional  optoelectronic  oscillator  (OEO) 
[4],  while  simultaneously  being  less  sensitive  to  feedback 
pathlength  fluctuations  relative  to  conventional  optical 
feedback  techniques. 


II.  Experimental  Measurements 

A.  Experimental  Configuration 

Fig.  2  is  a  schematic  of  the  experimental  layout  that 
uses  an  existing  apparatus  [5]  with  all  optical  components 
connected  by  single-mode,  non-polarization-preserving  fiber. 
The  lasers  are  single-mode  DFB  lasers  oscillating  at 
approximately  1555.7  nm,  and  the  free -running 
characteristics  and  nonlinear  dynamics  of  the  slave  laser  have 
been  described  previously  [5].  The  master  laser  is  packaged 
with  an  optical  isolator,  and  an  optical  circulator  is  used  to 
further  isolate  the  master  laser  from  unwanted  feedback.  Both 
lasers  are  temperature  stabilized  and  modulation  currents  can 
be  added  to  the  dc-bias  currents  of  either  the  master  or  slave 


laser.  The  laser  outputs  are  polarized,  and  fiber  polarization 
rotators  are  used  to  adjust  the  polarization  of  the  master  laser 
to  match  that  of  the  slave,  and  to  rotate  the  polarization  of  the 
feedback  signal  to  be  orthogonal  to  the  slave.  The  latter  is 
accomplished  by  monitoring  the  output  power  spectrum  of 
the  slave  laser  without  optical  injection,  and  then  adjusting 
the  polarization  of  the  feedback  so  that  there  is  no  evidence  of 
external  cavity  modes.  The  slave  laser  output  is  monitored  by 
an  amplified  fast  photodiode  and  microwave  spectrum 
analyzer.  A  third  DFB  laser  is  used  as  a  tunable  local 
oscillator.  Sweeping  the  output  frequency  of  this  laser  by 
varying  the  operating  temperature  and  mixing  with  the  slave 
laser  output  generates  low-resolution  (-100  MHz)  optical 
spectra  with  the  microwave  spectrum  analyzer. 

B.  Operation  with  Polarization-Rotated  Optical  Feedback 
and  Optoelectronic  Feedback 

Fig.  3  shows  the  typical  spectrum  of  the  photodiode 
signal  around  the  PI  pulsation  frequency  with  and  without 
polarization-rotated  optical  feedback.  Without  feedback,  the 
spectrum  consists  of  a  single,  fairly  broad  feature  with  a  full- 
width  half-maximum  of  approximately  2  MHz.  The  feedback 
causes  multiple  peaks  to  appear  with  a  frequency  separation 
determined  by  the  roundtrip  feedback  delay  time.  This  time 
could  be  adjusted  by  adding  fiber  patch  chords  into  the  delay 
path.  To  date,  the  “best”  spectrum  had  a  central  peak  about 
15-20  dB  stronger  than  the  side  peaks,  with  a  detail  shown  in 
Fig.  4.  The  width  of  the  peak,  -10  kHz  and  more  than  two 
orders  of  magnitude  less  than  the  external  injection -only 
peak,  was  dominated  by  jitter.  Also,  the  particular  peak  that 
formed  the  center  of  the  feature  hopped  between  2-3  peaks. 
We  observed  that  the  amplitude  of  the  injected  optical  signal 
fluctuated  slowly  in  time  and  determined  that  this  was  due  to 
interference  between  the  injected  master  laser  signal  and  the 
feedback  signal.  Therefore,  in  our  apparatus  there  was 
residual  feedback  that  remained  in  the  original  polarization  at 
the  point  where  the  two  optical  signals  were  combined.  The 


Figure  2.  Schematic  of  the  experimental  apparatus. 
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Figure  3.  Power  spectrum  of  the  monitor  photodiode  signal  under  optical 
injection  only  (red  -  single  peak),  and  with  polarization-rotated  feedback 
(blue  -  multiple  peaks). 
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Figure  4.  High  resolution  detail  of  the  strongest  peak  under  simultaneous 
optical  injection  and  polarization-rotated  optical  feedback. 

residual  signal  was  enough  to  cause  amplitude  fluctuations  of 
between  5-10%,  though  this  depended  on  the  specific 
injection  amplitude  of  the  master  laser  and  feedback 
amplitude. 

To  determine  the  relative  importance  of  the  residual 
feedback  coherently  interfering  with  the  injected  signal  from 
the  master  laser,  we  substituted  optoelectronic  feedback  for 
the  polarization  rotated  feedback.  A  second  fast  photodiode 
(not  shown  in  Figure  2)  was  used  to  convert  the  optical  output 
from  the  slave  laser  into  a  modulation  current  that  was  fed 
back  to  the  slave  laser  along  with  the  DC  bias  through  the 
bias  tee.  Fig.  5  shows  the  resulting  spectrum  of  the  laser 
under  simultaneous  optical  injection  and  optoelectronic 
feedback.  Shown  in  Fig.  6  for  direct  comparison  are  the 
central  peak  of  the  optically-injected  laser  with  optoelectronic 
feedback  and  the  same  optically-injected  laser  with 
polarization-rotated  optical.  The  former  peak  in  Fig.  6  was 
distinctly  narrower,  though  jitter  continued  to  dominate  the 
spectral  width,  and  the  hopping  between  peaks  was  similar. 

C.  Operating  Points  with  Reduced  Fluctuation  Sensivity 

The  jitter  could  be  due  to  relative  fluctuations  in  the 
operating  points  of  the  two  lasers.  By  making  use  of  the 
varying  nonlinear  dynamics,  we  were  able  to  isolate  the  key 
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Figure  5.  Power  spectrum  of  the  monitor  photodiode  signal  for  the  laser 
under  simultaneous  optical  injection  and  optoelectronic  feedback. 


Figure  6.  Higher  resolution  detail  of  the  strongest  peak  under 
simultaneous  optical  injection  and  polarization-rotated  feedback  (red)  or 
optoelectronic  feedback  (blue). 


source  of  jitter  as  amplitude  fluctuations  of  the  injected  signal 
from  the  master  laser  into  the  oscillating  mode  of  the  slave 
laser.  Recalling  Fig.  1,  there  are  operating  points  where  the 
pulsation  frequency  is  insensitive  to  changes  in  the  detuning 
of  the  master  laser.  By  observing  changes  in  the  amplitude  of 
a  modulation  current  added  to  the  slave  laser,  we  found  that 
these  points  were  also  points  of  relative  insensitivity  to  slave 
laser  current  fluctuations.  Fig.  7  shows  the  pulsation 
frequency  characteristics,  around  one  of  these  operating 
points,  along  with  a  plot  of  the  amplitude  of  sidebands 
induced  on  the  pulsation  peak  by  current  modulations  with  a 
frequency  between  50-500  MHz.  The  sidebands  disappeared 
at  the  operating  points  where  the  pulsation  frequency  went 
through  a  local  minimum.  Therefore,  the  pulsation  peak  is 
simultaneously  insensitive  to  relative  frequency  fluctuations 
of  the  master  and  slave  laser  and  amplitude  fluctuations  of  the 
slave  laser.  Only  amplitude  fluctuations  of  the  injected  optical 
signal  remain. 

D.  High-Frequency  Operation 

At  higher  pulsation  frequencies,  beyond  the  8 -GHz 
bandwidth  of  the  photodiodes  used  in  this  experiment,  we 
observed  superior  performance  of  the  polarization -rotated 
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Figure  7.  Pulsation  frequency  as  a  function  of  detuning  of  the  master 
laser  (squares)  and  strength  of  sidebands  on  the  pulsation  peak  due  to 
current  modulation  of  the  slave  laser  at  100  MHz  (diamonds). 
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optical  feedback  relative  to  the  optoelectronic  feedback. 
Fig.  8  shows  the  relative  performance  of  the  polarization- 
rotated  optical  feedback  compared  to  the  optoelectronic 
feedback  when  the  pulsation  frequency  is  increased  to  nearly 
20  GHz.  The  shift  in  the  polarization-rotated  peak  is  due  to 
drift  during  the  experiment.  While  superior  to  the 
optoelectronic  feedback  when  circuit  losses  become 
important,  the  polarization-rotated  optical  feedback  is  not  as 
effective  at  the  higher  frequencies  as  it  is  at  lower 
frequencies. 


III.  Analysis 

The  drop  in  effectiveness  of  polarization-rotated 
optical  feedback  in  reducing  the  PI  pulsation  line  width  at 
high  optical  frequencies  can  be  understood  by  examining  the 
coupled-equation  model  for  the  circulating  field  amplitude 
and  carrier  density.  This  model  has  been  successfully  used  to 
model  the  nonlinear  dynamics  of  the  optically  injected 
semiconductor  laser  [1,5].  If  we  assume  that  the  optical 
spectrum  is  dominated  by  two  strong  optical  frequency 
components  for  larger  pulsation  frequencies,  as  has  been 
previously  observed,  then  the  resulting  leading  order  terms 
for  the  normalized  optical  field,  (l  +  a)el(p ,  and  carrier 
density,  h  ,  can  be  cast  in  the  form: 

(\  +  a)el(p  « a0el<Po  +alel^Tl+<Pl^  (1) 


K 


1  -  (ao  +  a\  ) 

V 


y 

+  2a 0ax  sin  (f^r  +  cpx  -  (pQ )  +  O 


r  \2 
K 


A 


(2) 


where  the  normalization  is  with  respect  to  the  free -running 
values,  Qi  is  the  pulsation  frequency,  ys  is  the  carrier  decay 
rate,  yn  is  the  differential  gain  rate,  and  J  is  the  normalized 
pump  parameter,  which  is  the  difference  between  the  slave 
laser  bias  current  and  threshold  current,  divided  by  the 
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Figure  8.  Comparison  of  the  narrowing  of  the  jitter-dominated  pulsation 
at  higher  frequencies  by  optoelectronic  and  polarization -rotated  optical 
feedback. 


threshold  current.  We  are  taking  as  the  smallness  parameter, 
yn/Qi,  with  the  observation  that  the  solutions  of  interest  have 
Qi  equal  to  or  greater  than  the  free-running  relaxation 
resonance  frequency,  which  is  typically  much  larger  than  the 
differential  gain  rate.  The  key  point  is  that  the  pulsation  term 
in  the  carrier  equation  scales  with  the  smallness  parameter. 
As  Qi  increases,  the  pulsation  has  a  weaker  influence  on  the 
carrier  density,  and  thus  there  is  a  weaker  coupling  of  the 
polarization-rotated  optical  feedback  to  the  laser  mode. 

This  analysis  is  further  supported  by  numerical 
calculations  of  the  full  nonlinear  coupled  equations.  Fig.  9 
shows  the  dependence  of  the  pulsation  frequency, 
f0=D.J 2tt  ,  and  the  amplitude  of  the  pulsation  on  the 
detuning  of  the  master  laser  for  a  fixed  injection  amplitude. 
As  the  frequency  increases,  the  amplitude  of  the  modulation 
decreases  due  to  the  decreased  response  of  the  carriers  in  the 
gain  medium. 


IV.  Conclusions 

In  conclusion,  polarization-rotated  optical  feedback 
provides  a  self-referencing  signal  to  stabilize  the  tunable 
pulsations  of  a  semiconductor  laser  subject  to  external  optical 
injection.  Nonlinear  dynamics  generate  operating  conditions 
where  the  PI  pulsation  frequency  exhibits  reduced  sensitivity 
to  fluctuations  of  master  and  slave  laser  operating  points. 
Residual  optical  feedback  in  the  original  polarization  induces 
amplitude  jitter  due  to  interferometric  effects  with  master 
laser  injection  in  our  fiber-coupled  system.  Investigations  are 
underway  to  control  these  fluctuations  and  improve 
performance. 
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